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ABSTRACT

Alphavirus replicons are potent inducers of CD8™ T cell responses and thus constitute an attractive vaccine vector platform for
developing novel vaccines. However, the kinetics and memory phenotype of CD8™ T cell responses induced by alphavirus repli-
cons are not well characterized. Furthermore, little is known how priming with alphavirus replicons affects booster immune
responses induced by other vaccine modalities. We demonstrate here that a single immunization with an alphavirus replicon,
administered as viral particles or naked DNA, induced an antigen-specific CD8" T cell response that had a sharp peak, followed
by a rapid contraction. Administering a homologous boost before contraction had occurred did not further increase the re-
sponse. In contrast, boosting after contraction when CD8™ T cells had obtained a memory phenotype (based on CD127/CD62L
expression), resulted in maintenance of CD8* T cells with a high recall capacity (based on CD27/CD43 expression). Increasing
the dose of replicon particles promoted T effector memory (Tem) and inhibited T central memory development. Moreover, in-
fection with a replicating alphavirus induced a similar distribution of CD8™" T cells as the replicon vector. Lastly, the distribution
of T cell subpopulations induced by a DNA-launched alphavirus replicon could be altered by heterologous boosts. For instance,
boosting with a poxvirus vector (MVA) favored expansion of the Tem compartment. In summary, we have characterized the an-
tigen-specific CD8™ T cell response induced by alphavirus replicon vectors and demonstrated how it can be altered by homolo-
gous and heterologous boost immunizations.

IMPORTANCE

Alphavirus replicons are promising vaccine candidates against a number of diseases and are by themselves developed as vaccines
against, for example, Chikungunya virus infection. Replicons are also considered to be used for priming, followed by booster
immunization using different vaccine modalities. In order to rationally design prime-boost immunization schedules with these
vectors, characterization of the magnitude and phenotype of CD8™ T cell responses induced by alphavirus replicons is needed.
Here, we demonstrate how factors such as timing and dose affect the phenotypes of memory T cell populations induced by im-
munization with alphavirus replicons. These findings are important for designing future clinical trials with alphaviruses, since
they can be used to tailor vaccination regimens in order to induce a CD8™ T cell response that is optimal for control and/or clear-
ance of a specific pathogen.

It is well established that CD4™ and CD8" T cell responses cor-
relate strongly to immunologic control and/or pathogen clear-
ance in several major diseases such as HIV/AIDS, malaria, tuber-
culosis, and hepatitis C (1, 2). Therefore, the development of
vaccine platforms that induce potent and durable T cell responses
is of great importance. For vaccines that are currently in clinical
use, live attenuated vaccines elicit the strongest T cell responses.
However, live attenuated pathogens are unsuitable vaccine candi-
dates for chronic diseases due to the risk for establishing persistent
infections. Alternatively, viral vectors such as replication-deficient
adenovirus and poxvirus vectors can be used to elicit strong T
cell-mediated immune responses and are therefore attractive can-
didates for the development of new vaccines (3-5).

Protective immunity is thought to be based both on the mag-
nitude of the immune response and on the phenotype of the mem-
ory immune responses, including T central memory cells (Tcm)
and T effector memory cells (Tem) (6-9). Tcm are characterized
by a CD62L* CD127* phenotype, whereas Tem are defined by a
CD62L~ CD1277" expression pattern (10). Tem traffic through
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nonlymphoid tissues and exert immediate effector functions in
the periphery, while Tcm localize to the secondary lymphoid or-
gans, where they constitute a secondary line of defense by mas-
sively expanding upon encounter with antigens presented by den-
dritic cells. The optimal line of defense depends on the type of
infection. Tem are important for the early control of viral spread,
for example, in chronic infections such as HIV infections (2, 11).
Since Tem rapidly can generate a large number of secondary ef-
fector cells, they constitute a second wave of defense and control
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TABLE 1 Vaccine constructs

Alphavirus Replicon-Induced CD8" T Cell Responses

Vaccine construct Description Dose and route Source or reference
VREP-OVA Viral replicon particle (VREP) encoding SFV nsP1-nsP4 and model antigen OVA 10%,10%, 10°, 10%, 107, or 30
10°1U, s.c.
DREP-OVA DNA replicon (DREP) encoding SFV nsP1-nsP4 and model antigen OVA 2 g, id., + EP 38
CHIKV Wild-type CHIKV 10° PFU, s.c. 27
DREP-Env DREP encoding CHIKV nsP1-nsP4 and E1-E3 (Env) 10 pg, i.d., + EP Unpublished data”
p62-El Recombinant CHIKV E1-E3 (p62-El) protein 1 pg, im. 28
MVA-CHIKV Recombinant MVA encoding CHIKYV capsid and E1-E3 107 PFU, i.p. 20

@ D. Hallengird, F.-M. Lum, B. M. Kiimmerer, A. Lulla, V. Lulla, J. Garcia-Arriaza, J. K. Fazakerley, P. Roques, R. Le Grand, A. Merits, L. F. P. Ng, M. Esteban, and P. Liljestrém,

unpublished data.

systemic infections such as lymphocytic choriomeningitis virus
(LCMV) (12-14).

Hikono et al. proposed a different classification of memory
CD8™" T cells based on CD27 and CD43 expression, which is in-
dependent of the Tem and Tcm classifications (15). Although an-
tigen-specific CD8 " T cells that are CD27* CD43™ display a high
proliferation rate, this population disappears over time. Instead,
the CD27" CD43~ population persists, keeps its high recall capac-
ity, and has the ability to migrate to mucosal sites. This CD27 "
CD43™ T cell phenotype has also been associated with permanent
virus control in mice infected with LCMV (16) and increased cy-
totoxic potential and protection against challenge with a recom-
binant vaccinia virus (17).

Induction of T cell memory immune responses is dependent
on a variety of factors, such as cytokine milieu, length of antigen
stimulation, and antigen dose. These factors are influenced by the
choice of vaccine vector. Alphavirus replicon vectors are potent
inducers of T cell responses that can provide protective immunity
in tumor challenge animal models (18). In the case of these vec-
tors, little is known about the kinetics of the development of CD8 ™"
T cell memory responses after vaccination. A detailed understand-
ing of the kinetics and characteristics of the CD8" T cell response
after vaccination would make it possible to tailor vaccination
strategies and may influence the choice of vector, as well as the
immunization schedule, for a specific vaccine. The same is true for
attenuated viral vaccines. For example, alphaviruses are currently
being investigated extensively in preclinical and clinical studies for
development of a vaccine against Chikungunya virus (CHIKV), a
reemerging alphavirus that has caused several outbreaks in Africa,
Asia, and Europe and recently also in the Americas (19-21).

In the present study, we delineate the kinetics and characteris-
tics of the CD8™" T cell immune responses induced after priming
and boosting immunizations with nonproductive alphavirus rep-
licons encoding the model antigen ovalbumin (OVA) and deliv-
ered either as viral particles (VREP) or naked DNA (DREP). We
report that the immunization interval, as well as the dose, signif-
icantly impacts the phenotype and magnitude of the CD8™ T cell
immune responses. We further demonstrate the induction of dif-
ferent subsets of CD8™" T cells by prime-boost immunization of
various replication-proficient attenuated alphavirus (CHIKV)
and booster immunizations with poxvirus vectors and/or protein
antigen vaccine candidates. This may have implications for the
design of efficient vaccination regimens in the clinic.

MATERIALS AND METHODS

Virus, DNA and protein vaccines. The vaccine constructs used in the
present study are summarized in Table 1. Viral replicon particles (VREP)
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and DNA-launched replicons (DREP) encoding OVA (VREP-OVA and
DREP-OVA) are based on Semliki Forest virus (SFV). VREP-OVA was
packaged using the SFV two-helper RNA system, as previously described
(22). In this system, the structural proteins are provided by helper RNA
constructs which are not packaged into viral particles because they lack a
packaging signal. Thus, resulting VREP-OVA particles contain only vec-
tor RNA encoding the SFV nonstructural proteins (replicase) and OVA.
When VREP-OVA infects cells, the viral replicase is produced, and the
genomic RNA is replicated, followed by the expression of OVA from a
subgenomic RNA. No new particles are formed after infection with
VREP-OVA. Viral stock titers were determined using standard immuno-
fluorescence methods (23) and are expressed as infectious units (IU).
DREP-OVA was produced by standard molecular cloning techniques.
VREP-OVA and DREP-OVA contain a translational enhancer (E2A) di-
rectly upstream of the gene encoding OVA. E2A is composed of the first 34
amino acids of the SFV capsid gene, which contains a translational en-
hancer (24), and the 17-amino-acid 2A from foot-and-mouth disease
virus, which promotes cleavage during translation (25, 26), resulting in
production of OVA not attached to E2A.

CHIKYV vaccine constructs were based on the CHIKV clone LR2006-
OPY1. A full-length clone of CHIKV was constructed and used to produce
wild-type virus stocks by infecting BHK-21 cells (19, 27). A DNA-
launched replicon vaccine encoding the whole CHIKV genome but lack-
ing the capsid-encoding sequences (DREP-Env) only expresses the enve-
lope membrane proteins of CHIKV and therefore cannot produce
infectious virions upon transfection into cells (D. Hallengird et al., un-
published data). Thus, DREP-Env conceptually is similar to DREP-OVA,
albeit not expressing a foreign gene but CHIKV genes only. Modified
vaccinia virus Ankara (MVA)-CHIKV was constructed by inserting the
genes encoding the CHIKV structural proteins into MVA (20). Soluble
recombinant p62-E1 protein was constructed by joining the ectodomains
of CHIKV p62 and E1 with a glycine serine linker. This antigen construct
was originally used to determine the crystal structure of the CHIKV en-
velope proteins spike complex (28).

Mice and immunizations. Female C57BL/6, SV129, and IFN-AR1 '~
mice were bred at the Department of Microbiology, Tumor and Cell Bi-
ology, at the Karolinska Institutet or purchased from Scanbur Research
(Sollentuna, Sweden). Mice were 6 to 12 weeks old at the initiation of
experiments and were age matched within each experiment. Mice were
immunized subcutaneously (s.c.) with 200 pl of phosphate-buffered sa-
line (PBS) containing VREP-OVA particles, using different IU doses. For
DREP-OVA, 2 pg of DNA was diluted in 40 wl of PBS and administered
by two intradermal (i.d.) injections, followed by in vivo electroporation
(EP) using a DermaVax electroporation device (Cellectis, Paris, France),
as previously described (29, 30).

For experiments with CHIKV or corresponding vaccine candidates,
mice were kept at the Astrid Fagraeus Laboratory, Karolinska Institutet. A
10- g portion of DREP-Env was injected i.d., followed by EP, as described
above. A total of 10°> PFU of wild-type CHIKV was diluted in 100 w1l of PBS
and injected s.c. at two sites. For MVA-CHIKV, 107 PFU was diluted in
200 ! of PBS and injected intraperitoneally (i.p.). Then, 1 pg of p62-E1
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was diluted in 100 pl of PBS with 5 pg of Matrix-M adjuvant (Novavax,
Gaithersburg, MD) and divided and injected into both hind legs intra-
muscularly (i.m.).

All procedures were carried out in accordance with the recommenda-
tions of the National Board for Laboratory Animals, and the protocol was
approved by the local ethics committee (Stockholms Norra Djurforsok-
setiska Namnd).

Isolation of mouse splenocytes. Fresh mouse spleens were mashed
through 70-pm-pore-size nylon cell strainers to obtain single-cell suspen-
sions. Cells were washed in complete RPMI medium (RPMI 1640 supple-
mented with 5% fetal calf serum, 2 mM t-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin [all from Gibco/Invitrogen]), followed by
treatment with red blood cell lysis buffer (Sigma-Aldrich, St. Louis, MO)
for 2 min. After another wash, the cells were resuspended in complete
RPMI medium. Viable cells were quantified by using trypan blue and
manual counting in a Biirker chamber or by using a Countess automated
cell counter (Invitrogen).

Isolation of lymphocytes from blood. Mice were bled from the tail
vein, and blood was collected in tubes containing heparin. Samples were lysed
with red blood cell lysis buffer for 5 min before 10 ml of complete RPMI
medium was added. Then, samples were centrifuged at 400 X g for 5 min, and
each cell pellet was resuspended in 200 vl of complete RPMI medium.

Gamma interferon (IFN-y) enzyme-linked immunospot (ELISPOT)
assay. MultiScreen-IP plates (Millipore, Billerica, MA) were activated
with 70% ethanol, washed four times with PBS, and then coated with
anti-IFN-vy antibodies (AN18; Mabtech, Nacka Strand, Sweden) diluted
in PBS overnight at 4°C. Plates were then washed five times with PBS and
blocked with complete RPMI medium for at least 2 h at 37°C. Blocking
medium was subsequently replaced by 10° freshly isolated splenocytes per
well. Cells were stimulated in triplicates with either 2 pg of the OVA-
derived peptide SIINFEKL (Prolmmune, Oxford, United Kingdom)/ml
or medium alone. Concanavalin A (Sigma-Aldrich) at 2 pg/ml in dupli-
cates was used as a positive control. Plates were incubated at 37°C with 5%
CO, for 20 = 2 h and developed as recommended by the manufacturer
using biotinylated anti-IFN-vy detector antibody (R4-6A2), streptavidin-
alkaline phosphatase, and BCIP-NBT Plus substrate (Mabtech). Plates
were analyzed using an ImmunoSpot analyzer and ImmunoSpot software
(Cellular Technology, Ltd., Bonn, Germany).

Pentamer and memory marker staining. After an overnight rest at
4°C in complete RPMI medium, cells were set up at 3 X 10° splenocytes
per well in a 96-well V-bottom plate. Cells were washed with fluorescence-
activated cell sorting (FACS) buffer (0.1% bovine serum albumin [Gibco/
Invitrogen] in PBS) and stained with phycoerythrin (PE)-labeled H-2Kb
pentamer loaded with OVA-derived peptide SIINFEKL or CHIKV E1-
derived peptide HSMTNAVTI (31) (Prolmmune) and Fc-block-fluores-
cein isothiocyanate (FITC) (2.4G2; BD Biosciences, San Diego, CA) in
FACS buffer. After the excess antibody was washed away, the cells were
stained with the following antibodies in FACS buffer: anti-CD11b-FITC
(M1/70), anti-CD19-FITC (1D3), anti-CD4-FITC (GK1.5), anti-CD8-
Pacific Blue (53-6.7), anti-CD27-biotin (LG.3A10), and anti-CD62L-
peridinin-chlorophyll (PerCP)-Cy5.5 (MEL-14) (all from BD Biosci-
ences); anti-CD127-allophycocyanin (APC; A7R34; eBioscience, San
Diego, CA); and anti-CD43-PE-Cy7 (1B11; BioLegend, San Diego, CA).
FITC-conjugated antibodies were added in order to gate away CD11b™
monocytes/macrophages, CD4" T cells, and CD19™ B cells during anal-
ysis. After incubation, the cells were washed, incubated with avidin-APC-
Cy7 (BD Biosciences), and then washed again. The cells were then fixed
with 2% formaldehyde, washed and resuspended in FACS buffer, and
analyzed on a flow cytometer (FACSCanto II; BD Biosciences), followed
by data analysis using Flow]Jo software (Tree Star, Inc., Ashland, OR). For
each sample, 10° to 10° events were collected for analysis.

Intracellular cytokine staining. Freshly isolated splenocytes were
rested at 4°C overnight in complete RPMI medium and then set up at 3 X
10° splenocytes per well in a 96-well round-bottom plate. Samples were
incubated for 4 h with Golgi Stop (BD Biosciences) and either 2 pg/ml of
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OVA-derived SIINFEKL peptide, 2 pg/ml of concanavalin A, or complete
RPMI medium alone. Fc block (2.4G2; BD Biosciences) was added during
the last 10 min of incubation. Cells were washed with FACS buffer and
incubated with anti-CD8-Pacific Blue in FACS buffer. After the excess
antibody was washed away, the cells were fixed with Cytofix/Cytoperm
(BD Biosciences) according to the manufacturer’s instructions. Samples
were then stained with anti-interleukin-2 (anti-IL-2)-APC (JES6-5H4),
anti-IFN-y-FITC (XMG1.2), and anti-tumor necrosis factor (anti-
TNF)-PE (MP6-XT22) (all from BD Biosciences) in Perm/Wash buffer
(BD Biosciences). After being washed in Perm/Wash buffer, the cells were
resuspended in FACS buffer and analyzed as described above for penta-
mer and memory marker staining.

Statistics. Because normal distribution tests for relatively small sam-
ple sizes are unreliable, nonparametric tests were used for statistical com-
parisons. For pairwise analyses between two groups, the nonparametric
Mann-Whitney U test was used. For multiple comparisons, the Kruskal-
Wallis test was used for a priori analyses, followed by Dunn’s test for post
hoc analyses. A P value of <0.05 was used as an indicator of statistical
significance. Statistical analyses were performed using the GraphPad
Prism 5 software (GraphPad Software, Inc., La Jolla, CA).

RESULTS

The replicon-induced T cell response has a sharp peak followed
by a rapid contraction. First, we studied and characterized the
kinetics of the CD8™ T cell response following immunization of
C57BL/6 mice with SFV-based replicon particles (VREP) encod-
ing ovalbumin (VREP-OVA). VREP contains RNA encoding the
SFEV replicase but lacks the genes encoding structural SFV pro-
teins. Thus, infection is nonproductive and does not result in the
production of progeny viruses.

The magnitude of the antigen-specific CD8"* T cell response
was assessed using IFN-y ELISPOT on days 5, 6, 7, 8,9, 21, and 41
after immunization of C57BL/6 mice with VREP-OVA. Some
mice were given a homologous booster immunization at 3 weeks
postprime, and the subsequent T cell response was assessed on
days 4, 5, 6, 7, 8, 35, and 70 after boost.

On day 5 after prime, the OVA-specific CD8™ T cell response
was low but clearly detectable (Fig. 1). Then, the response rapidly
expanded and peaked on days 7 and 8. After that, the CD8™ T cell
number rapidly and significantly contracted to ca. 14% of the peak
response on day 21 and remained at this level until day 41 after
immunization.

In mice that were given a booster immunization with VREP-
OVA on day 21, a slight increase in the OVA-specific CD8 ™ T cell
response could be detected already 4 days after boost (Fig. 1).
Then, the CD8™ T cell response rapidly increased to levels signif-
icantly superior to the levels induced by the priming immuniza-
tion. The postboost CD8™ T cell response peaked between days 5
and 8 after boost, with ca. 60% more antigen-specific [IFN-vy pro-
ducing CD8™ T cells on day 6 postboost than at the peak response
after prime. At 5 weeks after boost, the CD8 ™ T cell response had
contracted from the peak response but remained at an 8-fold-
higher level compared to after the priming immunization. This is
in accordance with previous studies demonstrating that contrac-
tion after an anamnestic response is less prominent compared to
after the primary response (32-35).

Antigen-specific CD8* T cells are characterized by different
phenotypic subsets during the acute response and after contrac-
tion. We next characterized the phenotype of the antigen-specific
CD8™ T cell response during the acute response and after contrac-
tion after immunization with VREP-OVA. For this purpose, we
immunized C57BL/6 mice with VREP-OVA and measured the T
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FIG 1 CD8" T cell kinetics after VREP immunization. C57BL/6 mice were
immunized once (red) at day 0 and boosted after 3 weeks (blue) with 10° TU of
VREP-OVA, as indicated. Mice were sacrificed, and spleens were collected at
the indicated time points. OVA-specific CD8 " T cell responses were assessed
by IFN-vy ELISPOT, using the OVA-derived peptide SIINFEKL as a stimulus.
Each immunized group consisted of five mice, and naive group of three mice.
Responses are shown as means, with error bars representing standard errors of
the mean (SEM). Two independent experiments were performed; the results
shown are from one representative experiment.

cell response at 1 and 9 weeks after a single immunization. In
addition, splenocytes were stained for T cell receptor SIINFEKL
recognition by SIINFEKL-loaded major histocompatibility com-
plex (MHC) class I pentamer, and expression of surface markers
CD62L, CD127, CD27, and CD43 using fluorescently labeled an-
tibodies. This allowed for the identification of CD8" Tem
(CD62L~ CD1277"), Tecm (CD62L" CD127"), T effector cells (Te;
CD62L~ CDI27 ), and T cells in an intermediate state (Tint;
CD62L" CD1277). Tint have been proposed to develop upon first
antigen encounter and then develop into Tem upon low but suf-
ficient antigen exposure or Te in situations of stronger antigen
signals (10). Furthermore, antigen-specific CD27% CD43™ T cells
have been defined as cells that maintain a high recall capacity over
time, whereas CD27% CD43™ T cells with a high proliferative
capacity virtually disappear from the circulation between 1 and 2
years after antigen exposure (15).

The antigen-specific CD8" T cell response induced by VREP-
OVA was very strong at 1 week after immunization with close to
4,000 SFU/10° splenocytes and had significantly contracted to
one-tenth of the peak response after 9 weeks (Fig. 2A). At 1 week

November 2014 Volume 88 Number 21

Alphavirus Replicon-Induced CD8" T Cell Responses

A.
$ *kk — *kk
- 1 o 1
g 5000 © 4
§ 4000 g2 T 3
& 30004 *® g, [T
0
S 2000 2
5 1
2 1000 z
0 T T * ;0 T P *
z 1 9 Nave & 1 9 Naive

Weeks post-immunization

B.
1%,
‘
48%

1% 2% 5%
1 9

Weeks post-immunization

O cpe2L-cD127+ (Tem)
O coe2L+CD127+ (Tem)
[ coe2L+CD127- (Tint)

O coe2L-cD127- (Te)

O cp27+cp43+
O cpz7+cp4s-
O cp27-cp43+
O cp27-cp4s-

FIG 2 Characterization of CD8" T cell response after one immunization.
C57BL/6 mice were immunized once with 10° IU VREP-OVA. Each immu-
nized group consisted of eight mice, and the naive group consisted of three
mice. Mice were sacrificed, and spleens were collected 1 and 9 weeks after
immunization. (A) SHINFEKL-specific CD8* T cell responses were assessed by
IEN-v ELISPOT. Lines represent medians. ***, P < 0.001. (B) Pie charts show
the proportions of antigen-specific CD8" T cells expressing CD62L/CD127
(top) or CD27/CD43 (bottom) assessed by pentamer and surface marker
staining and flow cytometry analysis.

postimmunization, only 43% of the CD8™ T cells displayed Tcm
or Tem phenotypes compared to 87% at 9 weeks postimmuniza-
tion (Fig. 2B, top pie charts; P < 0.001 for both Tem and Tcm).
Instead, almost half of the CD8™ T cells displayed a Te phenotype
at 1 week postimmunization, with only 12% at 9 weeks postim-
munization (P < 0.001). Moreover, the proportion of Tint de-
creased from 9 to 1% from 1 to 9 weeks postimmunization (P <
0.001), demonstrating that the CD8™ T cell response was still es-
tablishing which subsets of T cells to form during the peak of the
response. Furthermore, at 1 week postimmunization, the antigen-
specific CD8 " T cell response was characterized by a larger fre-
quency of CD27% CD43™ T cells rather than CD27" CD43™ T
cells (Fig. 2B, bottom pie charts; P < 0.001). However, at 9 weeks
postimmunization, the antigen-specific CD8% T cells were
CD27" CD43™ toalarger degree (P < 0.001). Thus, a clear change
in the composition of the antigen-specific CD8" T cell response
into memory cells with high recall capacity developed over time
after infection with the SFV-based replicon particles.

CD8* T cell memory formation is enhanced when a booster
is given after, but not during contraction. Since immune re-
sponses after alphavirus immunization contract rapidly, it was of
interest to assess the effect of boosting at different time points after
prime. Thus, C57BL/6 mice were immunized twice with VREP-
OVAwitha -, 3-, 6-, or 9-week interval between prime and boost,
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FIG 3 Immunization with different time intervals between prime and boost. C57BL/6 mice were immunized with 10° IU of VREP-OVA and given a homologous
boost 1, 3, 6, or 9 weeks later. Each immunized group consisted of eight mice, and the naive group consisted of three mice. (A) Mice were sacrificed, spleens were
collected, and SIINFEKL-specific CD8 " T cells were assessed by IFN-y ELISPOT at 5 days (left) or 5 weeks (right) postboost. Lines represent medians. *, P < 0.05;
** P < 0.01. (B and C) At 5 weeks postboost, pentamer* CD8" T cells and proportions of these cells that expressed CD62L/CD127 or CD27/CD43 were also
assessed by flow cytometry in splenocytes (B) and peripheral blood (C) from mice boosted 1 or 9 weeks after primary immunization. Two independent
experiments were performed; the results shown are from one representative experiment.

and the magnitude of antigen-specific CD8™" T cell responses was
analyzed by IFN-y ELISPOT during the early peak response (day 5
postboost) and at a late time point (5 weeks postboost).

At 5 days postboost, there were no significant differences in the
magnitude of the CD8™" T cell responses (Fig. 3A, left panel), with
a magnitude similar to what was observed 1 week after a single
immunization (Fig. 2A). As shown in Fig. 1, contraction had oc-
curred at 3 weeks after a single immunization. Thus, a rapid ex-
pansion had occurred after a second immunization in the 3-, 6-,
and 9-week-interval groups; however, the CD8™ T cell response in
the 1-week-interval group remained at the same level as at the time
of boost (Fig. 2A).

In addition, at 5 weeks post-boost the CD8* T cell response
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remained high in mice immunized with a 3-week or longer inter-
val between prime and boost (Fig. 3A, right panel) in accordance
with what was observed in Fig. 1, where the boost was adminis-
tered after 3 weeks. No differences were observed between the 3-,
6-, or 9-week-interval groups, indicating that 3 weeks was a suffi-
cient amount of time between prime and boost for boosting of the
CD8™ T cell response. However, in the 1-week-interval group the
CD8™ T cell response had contracted significantly to a 4-fold
lower level compared to that observed with a 3-week or longer
interval, remaining at a level only slightly higher than the response
induced after a single immunization (see Fig. 1). Thus, the booster
immunization was only able to increase the antigen-specific
CD8™ T cell response when administered after the primary re-
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sponse had contracted. This could potentially be explained by the
difference at 1 and 9 weeks in the frequency of memory CD8* T
cells, including CD27" CD43™ cellsand Tcm (Fig. 2B), which are
able to greatly expand upon secondary exposure.

To further characterize the effect boosting at either the peak of
the primary response or after contraction had occurred, we car-
ried out pentamer staining of splenocytes from vaccinated mice
after a 1- or 9-week immunization interval at 5 weeks postboost
and looked at memory markers in antigen-specific CD8 " T cells.
The results showed a significantly higher proportion of CD27"
CD43™ T cells (P < 0.01) and a smaller proportion of CD27"
CD43™ T cells (P < 0.01), when giving the longer immunization
interval and compared to the 1-week immunization interval (Fig.
3B, bottom pie charts). This pattern was also observed in CD8™ T
cells isolated from peripheral blood, although with a larger pro-
portion of CD27" CD43™ T cells with both intervals than what
was observed in splenocytes (Fig. 3C). Furthermore, the propor-
tion of Tcm was significantly smaller (P < 0.01) and the propor-
tion of Tem was larger (P < 0.05) with the 9-week interval com-
pared to 1-week interval (Fig. 3B, top pie charts). Moreover,
compared to 9 weeks postprime (Fig. 2B), the composition of the
antigen-specific CD8™ T cell response had shifted to a larger pro-
portion of Tem after boost, which is in line with previous obser-
vations that repeated antigen exposure promotes generation and
maintenance of Tem (34) and that secondary memory T cells are
slower to acquire a Tcm phenotype (36). Interestingly, the pro-
portion of CD27% CD43™ T cells and CD27" CD43™ T cells was
similar to that observed at 9 weeks postprime (Fig. 2B).

Type I IFNs promote CD27* CD43 ™~ antigen-specific CD8™*
T cells and inhibit Tem formation. Immunization with alphavi-
rus replicons results in the induction of a strong type I IFN re-
sponse which on one hand is important for the formation of an
antigen-specific immune response and T cell memory but also
restricts the expression of vector-encoded transgene (37). We
have previously shown that the T cell response after immunization
with alphavirus replicons increases in the absence of type I IFNs,
presumably due to the lack of repression of transgene expression
(30, 38). To study the effect of type I IFNs in mice, we used genet-
ically modified SV129 mice which lack a functional type I IFN
receptor (IFN-AR1 '~ mice). IEN-AR1 ™/~ or SV129 wild-type
(WT) mice were immunized twice with VREP-OVA, with a
9-week immunization interval between prime and boost.

In accordance with previous results, we observed an increase in
the antigen-specific CD8 " T cell response at 5 days postboost in
IFN-AR1™/" mice immunized with VREP-OVA compared to WT
mice (Fig. 4A). The response remained high at 5 weeks postboost,
with a significantly higher antigen-specific CD8™ T cell response
in IFN-AR1 ™/~ immunized mice than in WT immunized mice
(Fig. 4A).

Analyzing the phenotype of the CD8"* T cell response at 5
weeks postboost, we observed that the proportion of Tem was
slightly, but significantly, higher in the IFN-AR1~/~ immunized
mice than in WT immunized mice (P < 0.01), whereas the pro-
portion of Tcm was not affected by the absence of type I IFN
signaling (Fig. 4B, top pie charts). Furthermore, a significantly
smaller proportion of CD27" CD43 ™ T cells (P < 0.01) was pres-
entin IFN-AR1 "/~ immunized mice and more CD27" CD43" T
cells (P < 0.01) than in WT immunized mice (Fig. 4B, bottom pie
charts). Thus, these data suggest that while the CD8™ T cell re-
sponse induced in the absence of type I IFN signaling is stronger in
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magnitude and favoring formation of Tem cells, the development
of T memory cells with a high recall capacity is impaired.

Increasing VREP-OVA doses results in increasing Tem:Tcm
proportions. To investigate the impact of varying the VREP-OVA
dose administered in prime-boost immunizations, we immunized
C57BL/6 mice twice with 10%, 10% 10°, 10°% 107, or 10° IU of
VREP-OVA with a 9-week immunization interval between prime
and boost and assessed the CD8™ T cell response at 5 days and 5
weeks postboost.

As expected, the magnitude of the antigen-specific CD8 " T cell
response augmented with increasing doses (Fig. 5A), with a sharp
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enhancement observed between doses 10°> and 10° TU of VREP-
OVA. This was evident both in the acute phase 5 days postboost
and 5 weeks after the last immunization.

We also assessed the production of cytokines IFN-vy, IL-2, and
TNF-a by antigen-specific CD8 " T cells, since multifunctional T
cells have been associated with the control of viral infection (39,
40). The proportion of antigen-specific CD8" T cells producing
two or three cytokines increased after 5 weeks compared to 5 days
after boost at all doses tested (Fig. 5B) and, again, with a sharp
increase in the magnitude observed between doses 10> and 10° TU
of VREP-OVA. However, the dose did not influence the propor-
tion of multifunctional T cells. In addition, the abundance of mul-
tifunctional cells was similar at all doses.

Furthermore, at both 5 days and 5 weeks postboost, the pro-
portions of antigen-specific CD8" T cells that were CD277"
CD43~ and CD27" CD43™ did not differ significantly between
the doses (Fig. 5C and D, bottom pie charts), with a higher per-
centage of CD27* CD43™ T cells at 5 days postboost and a higher
proportion of CD27" CD43™ T cells at 5 weeks postboost. How-
ever, differences were observed in Tem and Tcm compartments
(Fig. 5C and D, top pie charts), where the proportion of Tem
enhanced with increasing doses (P < 0.01 for 10° TU versus 107 TU
at 5 days postboost; P < 0.01 for 10> TU versus 10° IU at 5 weeks
postboost), whereas the proportion of Tcm decreased with in-
creasing doses (P < 0.01 for 10° IU versus 107 IU at 5 days post-
boost; P < 0.01 for 10° IU versus 10® IU at 5 weeks postboost).
Since a higher dose leads to more antigen production, these results
are in accordance with a model that suggests that a stronger signal
strength favors development of Tem rather than Tcm (6).

DNA-launched replicons induce similar kinetics as replicon
viral particles. Next we characterized the response after delivery
of the replicon as DNA rather than viral particles, i.e., with DREP-
OVA. DREP mimics VREP in that it is unable to produce new
virions, but it is different in that it is delivered as naked DNA
which upon transfection launches the replicon RNA through
transcription from a cytomegalovirus promoter situated proximal
to the replicase region.

Therefore, we immunized C57BL/6 mice with DREP-OVA and
analyzed the antigen-specific CD8" T cell response with IFN-y
ELISPOT on days 8, 10, 13, 15, 22, and 28 after a single immuni-
zation. Mice were boosted at 4 weeks after prime, and the subse-
quent response was analyzed on days 8, 10, 13, 15, 21, and 28 after
boost.

The T cell response expanded to high levels on day 8 after
prime and had further increased to a peak value on day 10 (Fig.
6A). On day 13, the response had dropped to 36% compared to
day 10, and on day 15 it dropped further to 18% of the peak
response. The T cell number was maintained approximately at this
level until day 28.

After a booster immunization with DREP-OVA, the CD8" T
cell response exhibited a faster and higher peak. The response
reached a level that was 2-fold of what was observed after a single
immunization at day 8 and remained at this level until day 10 after
boost. On day 13, the response had already contracted to half of
the peak value, i.e., a level similar to the peak value after prime.
The antigen-specific CD8" T cell numbers remained at a similar
level until day 28 after boost. Thus, immunization with DREP
results in a T cell response with slower but similar kinetics com-
pared to VREP, peaking between days 9 and 12 after prime and
around day 8 after boost.
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We then assessed the phenotype of the CD8™ T cell response
induced by SFV replicon DNA. CD8™" T cells were thus analyzed
during the acute response (day 8) and after contraction (days 15
and 28) after DREP-OVA prime and boost.

After a priming immunization with DREP-OVA, the Te pop-
ulation dominated the response on day 8 (P < 0.01 compared to
day 15), whereas Tem (P < 0.01 compared to day 15) and Tcm
(P < 0.01 compared to day 15) populations comprised the major-
ity of the cells on days 15 and 28 (Fig. 2C, top pie charts), similar to
what we observed with VREP-OVA (Fig. 2B). Analyzing the
CD27/CD43 phenotype, we observed that almost 90% of the cells
displayed a CD277CD43™ phenotype on day 8, which, as ex-
pected, decreased slightly on day 15 and further on day 28 (Fig. 2C,
bottom pie charts; P < 0.05). The CD27" CD43~ population
increased from 2 to 7% between days 8 and 15 (P < 0.05) and
continued to increase to 14% on day 28, indicating that Tcm and
Tem maturation occurs faster than the development of CD27 "
CD43™ populations. Thus, the CD8™ T cell response after immu-
nization with the SFV replicon vector delivered as DNA had a
similar phenotype compared to when delivering it as viral particles
during the acute response after prime, which through time ma-
tured into memory cells characterized by increasing populations
of Tem, Tcm, and CD27" CD43 ™~ cells.

After a homologous boost with DREP-OVA, the frequency of
Te increased slightly to comprise 21% at 8 days after boost (Fig.
6C, top pie charts) but did not dominate the CD8™ T cell response
to the same degree as after a single immunization of DREP-OVA
(Fig. 6B, top pie charts). This population then decreased after
contraction to 16% at 15 days postboost and 9% at 28 days post-
boost. The frequency of Tcm shrunk from 21% at the time of
boost (Fig. 6B, top pie charts) to 4% at 8 days after boost. After
contraction, however, the Tcm population increased slightly to
comprise 9% at 28 days after boost. The Tem frequency continued
to increase after boost and reached 82% at 28 days after boost.

Analyzing the CD27/CD43 phenotype after boost, we observed
asimilar distribution of the populations during the acute response
at day 8 after boost compared to the same time point after prime.
The CD27% CD43~ T cell population decreased after boost to
comprise 4% at day 8 postboost but then increased to 15% at day
28 after boost, similarly to the same time point after prime. Again,
we saw a decrease in the CD27" CD43™ T cell population after
contraction. Interestingly, the CD27~ CD43™ T cell population
increased to comprise 18% on day 28 postboost compared to only
6% at the time of boost.

Thus, prime-boost immunization with DREP-OVA induced a
CD8™ T cell response similar in the CD62L/CD127 phenotype to
VREP-OVA (Fig. 3B and Fig. 6C, top pie charts) but different in
the CD27/CD43 phenotype with smaller CD27" T cell popula-
tions after DREP-OVA immunization.

A replicative alphavirus induces T cell populations similar to
the nonproductive VREP vaccine vector. Given that in the
VREP-OVA and DREP-OVA constructs all the genes coding for
the structural proteins of the alphavirus have been replaced by the
OVA gene, immunization with these vectors will not lead to pro-
ductive replication, and there is consequently no spread of virus.
We therefore wanted to study whether immunization with a WT
alphavirus that was capable of productive infection would result
in the induction of a different pattern of memory T cells. Since WT
SFV is highly pathogenic for mice and leads to death of a signifi-
cant portion of infected animals (41), we used a replication-com-
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are from one representative experiment.

petent CHIKV, a closely related alphavirus. Infection of adult im-
munocompetent mice by CHIKV has pathogenic consequences

but is not associated with mortality.

For this purpose, we infected C57BL/6 mice with CHIKV and
characterized the phenotype of the CD8 T cell response 8 days
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after the inoculation using an MHC class I pentamer loaded with
a CHIKV E1 Env-derived peptide to identify antigen-specific
CD8™ T cells. The phenotype of the CHIKV-specific CD8" T cell
response after wild-type CHIKV infection (Fig. 7) was similar to
that observed after a single administration of VREP-OVA (Fig. 2B).
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for the expression of CD62L/CD127 and CD27/CD43.

Most of the CD8" T cells displayed a Te or Tem phenotype, and
12% were of the Tcm phenotype (Fig. 7, top pie chart). Further-
more, half of the CD8" T cells were CD27" CD43%, whereas
CD277" CD43™ T cells constituted one-quarter of the CD8* T cell
response (Fig. 7, bottom pie chart).

Alphavirus replicon priming, followed by heterologous
booster immunizations, induces different CD8% T cell sub-
populations. Given the fact that there was very little difference
between VREP and WT CHIKYV infection, we wanted to analyze
whether we would obtain different subpopulations of CD8™ T
cells when boosting with different vaccine candidates following
alphavirus immunization. Different vectors encoding a common
immunogen can be combined in heterologous prime-boost regi-
mens in order to increase immunogenicity and avoid buildup of
antivector immunity (42, 43). For this purpose, we studied the
response induced by different booster vaccinations given after a
DREP-Env prime. The DREP-Env vaccine candidate contains all
the genomic sequence of CHIKV except the gene encoding the
capsid protein. Hence, transfection with DREP-Env does not re-
sult in production of new virions.

C57BL/6 mice were primed with DREP-Env and then boosted
either homologously with DREP-Env or heterologously with ei-
ther CHIKV p62-E1 protein, MVA-CHIKV, or both protein and
MVA-CHIKYV at the same time. The magnitude of the CHIKV-
specific CD8™" T cell responses is greatly increased with heterolo-
gous prime-boost immunization. Compared to a homologous
DREP-Env boost, the acute response is increased 9-fold with a
CHIKYV p62-E1 protein boost and 16-fold with an MVA-CHIKV
boost. Boosting with both CHIKV p62-E1 protein and MVA-
CHIKYV results in an 18-fold increase (Hallengird et al., unpub-
lished). The phenotypes of the CHIKV-specific CD8™ T cell re-
sponses were characterized 8 days after boost as described above.

The results demonstrated that administering DREP-Env twice
induced a CHIKV-specific CD8" T cell response with a smaller
proportion of the Te phenotype and instead a higher proportion
of the Tcm phenotype (Fig. 7, top pie chart) compared to that
induced by VREP-OVA (Fig. 5C). Since the infection rate with
viral particles is higher than the transfection rate with DNA (our
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observations in vitro), these results are in line with current knowl-
edge that weaker signal strength induces a higher degree of Tcm
(6). Furthermore, the proportion of CD27* CD43™ CHIKV-spe-
cific CD8" T cells was smaller than that observed with VREP-
OVA immunization, whereas a higher proportion of CD27"
CD43™ cells was induced (Fig. 7, bottom pie chart). It should be
mentioned that comparing with VREP-OVA immunizations
should be taken with some caution, since the responses studied are
against different antigens.

Administering a heterologous boost revealed that the pheno-
type of the CHIKV-specific CD8" T cell response was close to
identical in groups boosted with MVA-CHIKYV, either alone or
together with CHIKV p62-El protein, with the CD8" T cells
mostly of the Tem phenotype, and only a small proportion of the
Tcm phenotype (Fig. 7, top pie charts). On the other hand, mice
given a CHIKV p62-E1 protein boost, without MVA-CHIKV, de-
veloped a larger proportion of CD8 " T cells of the Tcm phenotype
and a smaller proportion of the Tem phenotype (Fig. 7, top pie
charts), again in line with the hypothesis that a stronger signal
favors Tem development (6). The proportion of Tcm after a
CHIKYV p62-El protein boost was similar to that after a DREP-
Env boost: about one-third. Moreover, mice given a heterologous
boost had similar proportions of CD8™" Te cells in the range of 22
to 29%, whereas mice given a homologous DREP-Env boost trig-
gered only 7% of CD8 ™ Te cells (Fig. 7, top pie charts).

Furthermore, analysis of the CD27/CD43 staining revealed the
induction of four distinct CHIKV-specific CD8* T cell subpopu-
lations that were of similar size after MVA-CHIKV or MVA-
CHIKV + CHIKV p62-El protein boost (Fig. 7, bottom pie
charts). However, boosting with CHIKV p62-E1 protein only also
induced four CD8™ T cell subpopulations, although with a slightly
larger proportion of the CD27" CD43~ subset, similar to what
was observed after a homologous DREP-Env boost (Fig. 7, bottom
pie charts).

DISCUSSION

In this study, we evaluated the magnitude and phenotype of the
antigen-specific CD8™ T cell response both following prime and a
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homologous boost immunization with the nonproductive alpha-
virus replicon vectors VREP and DREP. We observed that the
immune response cannot be efficiently boosted unless the magni-
tude of the CD8™ T cell response induced by the priming immu-
nization had substantially contracted and developed into memory
T cells. This is in accordance with findings that boosting a low
frequency of memory CD8™ T cells results in a response charac-
terized by many cell divisions, increased contraction of Te cells,
and poor protective capacity against viral challenge (44). We fur-
ther demonstrated that the phenotype of the CD8* T cell response
is similar for both nonproductive and replicative alphavirus par-
ticles. Administering a nonproductive alphavirus replicon in the
form of DNA induced subpopulations of CD8™ T cells that could
be altered by boosting with different heterologous vaccine candi-
dates.

The antigen-specific CD8" T cell response induced by VREP
had a sharp peak after 7 days postimmunization, which contracted
rapidly. Similarly, the live yellow fever virus and smallpox vac-
cines, two highly successful human vaccines, induce CD8™ T cell
responses that peak rapidly within 2 weeks and have contracted by
4 weeks after vaccination (45, 46). This is in contrast to adenovirus
5 (Ad5), which induces a response peaking between days 15 and
25, depending on the specific dose (47, 48). Also, T cells induced
by a single immunization of Ad5 do not contract but rather re-
main at a high level and are of predominantly Te and Tem pheno-
types (3, 49).

To obtain a higher magnitude of the secondary antigen-spe-
cific response after a homologous boost, it was necessary to wait
until the CD8™ T cell response had contracted. In our kinetics
study, the immune response had contracted significantly after 3
weeks. In our comparison of different intervals between prime
and boost, we noticed that the secondary effector response was
increased in magnitude when a booster was given no earlier than 3
weeks postprime. We assume that this is due to the necessity of a
sufficient memory cell frequency before the response can be
boosted, including CD27* CD43~ T cells and Tcm cells that have
a high recall capacity and can greatly expand upon secondary ex-
posure (7). We also found that despite the higher total frequency
of antigen-specific T cells, there was a significantly lower fre-
quency of these memory T cell populations at 1 week after prime
compared to after 9 weeks. Moreover, waiting longer than 3 weeks
between prime and boost did not increase the booster effect. Our
results are in accordance with previous studies that have shown
that waiting a longer time between prime and boost enhances the
secondary effector response (7, 47, 50). The 3-week interval re-
quired before boosting after a VREP prime is, however, substan-
tially shorter than for adenovirus vectors, for which a minimum of
8 weeks is required after prime (47, 50). In a flu vaccine clinical
trial comparing different intervals between a DNA prime and
monovalent inactivated influenza booster, the responses were op-
timized by waiting a minimum of 12 weeks before the booster was
administered (51). This indicates that our observations may have
relevance also in a clinical setting. The time interval will, however,
likely vary between strains and particularly in higher order ani-
mals, where it is plausible it would be longer. Thus, more studies
will be needed to determine the optimal time for boosting after an
alphavirus prime in humans.

One potential problem with viral vectors is the development of
antivector immunity that could interfere with the effect of subse-
quent boost immunizations with the same vector. However, when

12448 jviasm.org

an alphavirus vector is given several times a strong response to the
transgene is induced even after the fourth immunization. Binding
enzyme-linked immunosorbent assay antibodies do come up after
a few immunizations, but they do not appear to interfere with the
immune response to the vectored immunogen (52-55). Cellular
immunity against the virus replicase has not been found and could
be attributed to the fact that RNA replication occurs on lipids
vacuoles, which protects the replicase protein from degradation
and thus T cell presentation. In cases where antivector immunity
would pose a problem, this could potentially be overcome by a
long time interval between immunizations. The 3- to 9-week in-
tervals used in the present study would, however, not be sufficient
to circumvent antivector immunity.

The strong immunogenicity of alphaviruses is in large part due
to the alphavirus RNA being self-amplifying. This results in innate
immune signaling through RNA-sensing pattern recognition re-
ceptors such as Toll-like receptor 3 (TLR3) (56), TLR7, TLRS,
MDA-5 (57), and protein kinase R (58). The signaling through the
pattern recognition receptors results in a strong type I IFN re-
sponse (59) and programmed cell death (60), which promote an-
tigen-specific adaptive immune responses.

Type I IFNs enhance memory T cell formation through multi-
ple mechanisms, including the activation of dendritic cells and the
promotion of cross-priming (61-63). Since type I IFNs induce an
antiviral state in cells, they also limit amplification of viral RNA
and can thereby lower the magnitude of the vaccine-induced T cell
response, as was observed here and in previous studies (30, 38, 64).
The lower CD8™ T cell response observed in WT mice relies on
type I IFN-induced downregulation of CD8" T cell priming and
induction of CD4™ T regulatory cells that secrete IL-10 (64). In the
absence of type I IFN signaling, other signals, such as IL-12 or
CD27/0X40, may drive the induction of antigen-specific CD8* T
cells that are of the Tem phenotype (63, 65, 66). Previous studies
have demonstrated that IL-12 is induced in TFN-AR1™/~ mice
during LCMV infection and substitutes for the lack of type I IFNs
in driving an IFN-y response (67). CD8" T cells induced in the
absence of type I IFN signaling are, however, compromised in
their ability to control viral infection, since the peak viral loads
were higher and the time before viral clearance was delayed.

Immunizing with increasing doses of VREP correlated with
stronger magnitudes of antigen-specific T cells. A clear correlation
was also seen in the frequencies of Tcm and Tem in that the Tcm/
Tem ratio decreased with higher doses. This is in accordance with
the hypothesis that greater stimulation with antigen and proin-
flammatory cytokines drives cells to differentiate into Tem,
whereas weaker stimulation drives Tcm differentiation (6, 63).
Other nonpersistent vaccine vectors, such as those based on vac-
cinia virus, can also induce both Tem and Tcm (20), whereas
low-level persisting adenovirus and cytomegalovirus vectors in-
duce predominantly Tem and are poor inducers of Tcm (3, 49,
68). DNA vaccines induce CD8" Tem responses that can be ex-
panded by a heterologous boost with a viral vector (34, 69, 70).
Our studies further demonstrated that DREP induced both Tcm
and Tem and that a protein boost preserved Tcm proportions,
whereas boosting with MVA preferentially expanded Tem sub-
populations.

In present study we did not directly address what possible ef-
fects of immunization intervals may have on humoral immunity.
For alphaviruses, including CHIKYV, it has been shown that anti-
bodies correlate with protection. Antibodies are always readily
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induced, but the patterns of, for example, IgG1/IgG2c/a do not
change depending on the intervals of immunization (19). Alpha-
viruses and alphavirus vectors always result in a Th1-biased re-
sponse.

Homologous and heterologous prime-boost combinations of
MVA vaccines in preclinical and clinical studies induce both
CD4" and CD8™ T cell responses, with a preference for CD8" T
cells of the Tem phenotype. The high immunogenicity of the MVA
vector is related to the deletion of viral immunomodulatory genes,
to its stimulation of multiple immune sensing pathways, and to
the subsequent production of IFNs (71).

The type of memory T cells that correlates with pathogen con-
trol depends on the specific pathogen. Studies have indicated an
importance of Tem in protection against infections that can rep-
licate in the periphery such as HIV (2, 11), malaria (72, 73), and
vaccinia virus (12), whereas Tcm play an important role in the
control of systemic LCMV infection, which replicates in lymphoid
organs (12-14), and against a P815 tumor challenge (18). Further-
more, CD27% CD43™ T cells have been suggested to be important
for control against Sendai virus, hepatitis C virus, and LCMV in-
fection (15-17), although this phenotype has not been as exten-
sively studied as the Tcm and Tem subtypes. Another subset of
memory T cells that should be considered in future studies is res-
ident memory T cells, which are present as frontline protection in
nonlymphoid peripheral tissues and do not recirculate (6, 74).

Viral infection with a live virus would be an important aspect
for demonstrating significance of immunization regimen. In
terms of challenge with a live virus, there is ample information in
the literature from that past 20 to 30 years showing that one im-
munization with an alphavirus (including SFV) will result in pro-
tection from challenge with a live virus. In the case of CHIKV, we
immunized only once, which resulted in a T cell pattern that was
very similar to that of the VREP-OVA vector given once. One
immunization with CHIKV completely protects animals from
viremia, foot swelling, and thus infiltration of macrophages in the
feet (19). This will most likely result in the same T cell pattern as
the two immunizations with an SFV-based vector described here.
The protective effect occurs shortly after immunization, and
therefore experiments with different time intervals in immuniza-
tion would not show any great differences in a situation where the
second immunization would also constitute a challenge with a live
virus.

In conclusion, we characterized the kinetics, magnitude, and
phenotype of the antigen-specific CD8™ T cell response following
alphavirus replicon-vectored immunization. In addition, we have
characterized the CD8" T cell response induced by different
CHIKV vaccine candidates that are currently in a clinical path.
These data allow for the rational design of vaccine regimens and
suggest that alphavirus vectors are potent inducers of antigen-
specific CD27" CD43~ memory CD8™ T cells with a strong recall
phenotype, as well as Tem and Tcm cells. Due to the sharp peak,
followed by contraction in the kinetics of the response, a mere 3
weeks is required before a booster can be administered. This is
shorter than that observed with adenovirus (47, 50) and could
allow for benefits such as flexibility and increased compliance in a
clinical setting. Knowledge obtained from this and other studies
on immune responses induced by different vaccine vectors could
in the future allow for tailoring of vaccination regimens and per-
sonalized medicine.
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